Introduction
The most common route of transmission of the human immunodeficiency virus (HIV) is via the mucosa (Milman and Sharma, 1994; Levy, 1993) . Very few data are available regarding the mechanisms used by the virus to cross the epithelial barrier (Milman and Sharma, 1994; Levy, 1993) . In theory, there are four ways for a lymphotropic virus to cross the epithelial barrier: lesions of the epithelium; infection of epithelial cells; transcytosis of virions in epithelial cells; and uptake of virions by cells of the mucosal immune surveillance system (M-cells or Langerhans cells). Each route of entry could use a different viral receptor and would lead to the infection of a different subset of immune cells, implying a different mechanism for viral ' Supported in part by grants from the Agence Nationale de Recherche sur le SIDA and from the Association Ensemble contre le SIDA. CB was supported by a postdoctoral fellowship from the Agence Nationale de Recherche sur le SIDA and AC-C by a fellowship from the Minisdre de la Recherche et de la Technologie.
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dissemination, a different initial immune response of the host, and a different strategy for protection.
The simian immunodeficiency virus (SIV) and HIV are closely related viruses (Chakrabarti et al., 1987; Franchini et al., 1987; Daniel et al., 1985) . Macaques infected with SIV develop a disease very similar to human AIDS , including typical gastrointestinal symptoms (Heise et al., 1993) . They are widely used as an animal model for the HIV infection in humans. The SIV macaque model is especially important in physiopathological studies of the very early stages of lentiviral infections in primates (Chakrabarti et al., 1994; Heise et al., 1994; and in studies to probe the protective effect of vaccination protocols (Schultz and Hu, 1993; Kindt et al., 1992) .
The HIV receptor in human lymphoid cells is the human CD4 antigen (Dalgleish et al., 1984; Klatzmann et al., 1984) and the SIV receptor in lymphoid cells is the simian CD4 antigen (Kindt et al., 1992) . However, the HIV-1 envelope protein gp120 can also interact with galactosylceramide Long et al., 1994; Bhat et al., 1993) , although this interaction may not be functional in some cell types (Parmantier et al., 1995) . Human intestinal cells are known to express galactosylceramide (Natomi et al., 1993; Holgersson et al., 1988) , and this glycolipid might therefore play an important role in HIV transmission in vivo. Available data suggest that infectability of human colorectal carcinoma cells can correlate with their level of expression of galactosylceramide (Yahi et al., 1992) . Other authors have found expression of galactosylceramide (Toniolo et al., 1995) or related molecules (Furuta et al., 1994) in other types of epithelial cells susceptible to infection by HIV. No data are available yet on the binding of the SIV envelope glycoprotein to galactosylceramide. However, SIV and HIV are close enough viruses for the possibility of galactosylceramide to act as an alternative receptor for SIV. The expression of galactosylceramide in the macaque digestive tract has not been explored thus far, to our knowledge.
We are now studying the rectal SIV infection of the Rhesus macaque as an animal model for human rectal infection by HIV. Macaques can be infected atraumatically by the rectal route (Le Grand and Dormont, 1994; Trivedi et al., 1994; Pauza et al., 1993) . However, very little is known about the macaque digestive epithelium. Before beginning to use macaques as a model for human rectal transmission, we decided to compare human and macaque digestive epithelia with respect to overall morphology and expression of known human differentiation antigens of the digestive epithelium.
Materials and Methods
Rhesus macaque monkeys (Mucacu mulattu), aged 3-5 years, are housed at the P3 housing facility of the Pasteur Institute, in accordance with European Economic Community guidelines. For all manipulations the animals, healthy or infected with nonpathogenic clones of SIVmacz>l (clone BK28 modified to express full-length gpl30), were anesthetized IM with 21 mglkg ketamine.
For biopsies, the animals were fasted for 24 hr and fed 200 ml polyethylene glycol (Klean Prep; Laboratoire Norgan. Paris, France) orally with a pediatric gastric probe. Biopsy specimens were harvested under fibroscopy from the rectum and sigmoid colon with a pediatric endoscope (UGI-FP2; Fujinon. Saint Quentin-en-Yvelines, France). Each biopsy specimen was stored in RPMI 1640 (ICN; Orsay, France) supplemented with antibiotics 100 Ulml penicillin, 100 pglml streptomycin, 20 pglml amphotericin B, and 50 pglml gentamycin (Gi bco; Cergy-Pontoise, France).
Animals for autopsy were fasted for 24 hr and bled under anesthesia before sacrifice. Animals were then sacrificed by IV injection of pentobarbital (180 mglkg). The abdominal cavity was opened by sagittal section and several segments of the intestine were harvested: upper and lower small intestine, cecum, colon, and rectum. The intestinal segments were immediately washed with tapwater or saline to remove the luminal contents.
For histology, the specimens were fixed in 20% formalin, 4% glacial acetic acid in water for 2 hr. Samples were dehydrated in a graded series of ethanol, followed by xylene. Dehydrated samples were dipped in hot paraffin (50°C) and embedded in paraffin. Sections of 5 km were stained with hemalum-eosin, or hemalum-eosin-saffron.
For semithin frozen sections, specimens were fixed in 2% formaldehyde in Hepes 200 mM, pH 7.4, for a few minutes, then with formaldehyde 8% in the same buffer on ice. Formaldehyde freshly prepared from paraformaldehyde was preferred over commercial formalin and was used whenever possible. The samples were kept at 4°C in formaldehyde 8%. They were infused with 2.3 M sucrose and frozen in liquid nitrogen. Semithin sections were obtained on a Reichert Ultracut E equipped with an FE 4E cryochamber. The sections were collected on drops of 2.3 M sucrose and placed on glass slides that had been coated with TESPA. The samples could be stored at 4% for a few days without alteration of the morphology or immunofluorescence pattern. The sections were then labeled for immunofluorescence. Briefly, they were incubated with Dulbecco's phosphate buffered saline (PBS; Gibco, Cergy-Pontoise. France) for a few minutes. Then they were incubated for 10 min with 50 mM N h C I , 20 mM glycine in PBS. washed in PBS. incubated in 196 fetal calf serum in PBS for 60 min, washed in PBS, and transferred to 0.2% coldwater fish skin gelatin (Sigma; Saint Quentin Fallavier, France) in PBS (PBS-gelatin). For control of galactosylceramide antibody specificity, the slides were treated either with sodium periodate 1 mM for 15 min (Zalc et al., 1981) or with chloroform-metha-no1 1:1 for 10 min. followed by methanol for 10 min (Butor, manuscript in preparation) before primary antibody incubations. Primary and secondary antibody incubations were carried out for 20 min in a humid chamber with 15-20 fi1 antibody diluted in PBS-gelatin. Slides were washed in PBS-gelatin between and after antibody labeling. The anti-H and the anti-i monoclonal antibodies (MAbs) were kind gifts of Dr. Portoukalian. The anti-galactosylceramide antibody was the one described in Ranscht et al. (1982) and was a kind gift of Dr. Zalc. The anti-carcinoembryonic (CEA) antigen MAb was clone 517 (Garcia et al., 1991; Le Bivic et al., 1987) and was a kind gift of Dr. Le Bivic. The secondary antibody was goat anti-mouse antibody from Southern Biotech (Birmingham, AL) labeled with rhodamine or fluorescein. Finally, the slides were washed in PBS and then in water. The sections were stained with Hoechst's stain 5 pglml in water for 5 min. The slides were washed in water and mounted in Mowiol (Calbiochem; San Diego, CA). Tissues from three different animals were analyzed for each marker.
For electron microscopy, the specimen was fixed in glutaraldehyde 1Yo in 200 mM cacodylate buffer, pH 7.4. Fixation was carried out for 1 hr at room temperature. After washes in cacodylate buffer, the samples were fixed for 1 hr in osmium tetroxide 1%. potassium ferricyanide 1.5% in the same buffer in the dark. The samples were washed in cacodylate buffer and water, then postfixed in uranyl acetate 1% in water for 1 hr in the dark. The samples were washed in water, dehydrated in a graded series of ethanol, and embedded in Epon (Agar Aids; Essex, UK). Polymerization was carried out at 60°C for 48 hr. Ivory sections were obtained with a diamond knife on a Reichert Ultracut. The sections were collected on 200-mesh grids and observed at a tension of 80 kV in a Philips CEM-20. 
Results

Overall Morphology of Epithelium and Follicle-associated Epithelium
The overall morphology of all segments of the digestive tract was indistinguishable from that of the equivalent portions of the human digestive tract and corresponded to published data on the macaque. Figure 1 shows the overall morphology of macaque colon and rectum. The mucosae from the two segments were not distinguishable at the histological level. Goblet cells were concentrated in crypts of Lieberkiihn but could also occasionally be found between the absorptive cells of the surface epithelium (Figures 1B and IC) and in follicle-associated epithelium ( Figures 1D and 1E ). Lymphoid follicles were abundant in the rectum ( Figure 1A) but rare in the colon. We always observed single follicles, never clusters of two or more. The epithelium associated with the follicle ( Figure  1E ) is easily distinguishable from that of the crypts and of the surface ( Figure IC ). Many lymphocytes (and a few macrophages) were present in the follicle-associated epithelium, most likely in the intraepithelial pocket of M-cells. The close-up view in Figure 1E shows the difficulty of clearly delineating the M-cells at the light microscopic level. A more detailed study of the M-cells, including electron microscopy, is therefore under way.
In contrast, the small intestine displayed long and thin villi, and the epithelial cells were tall and narrow ( Figure IF) . The absorptive cells had a well-developed brush border ( Figure 1G ). Instead of being concentrated in crypts, goblet cells were spread out over the length of the villus. The lamina propria was less abundant relative to the epithelium than in colon and rectum, but because the villi were much longer the total number of lamina propria lymphoid cells per unit length of mucosa may be similar in all intestinal segments. Intraepithelial lymphocytes were also observed (Figure 1G) .
A high abundance of goblet cells in the rectum was also found by ultrastructural analysis (Figure 2) . The close-up view in Figure  2C shows the details of the apical junctional complexes, including the tight junction, the adherens junction, and the desmosomes. Note the microvillar microfilament and the prominent intermediate filament attached to the desmosomes. We would like to draw special attention to the intimate contact between the apical plasma membrane and commensal bacteria ( Figures 2B and 2C) despite the presence of recognizable glycocalyx in some portions of the apical domain. The association of bacteria with the apical domain varied abruptly from cell to cell (data not shown). The mucous discharges appeared to push bacteria to the side.
Expressions of H Antigen and CEA Are Mirror Images of One Another
The expression of CEA was very similar to what has been described in the human system (Figure 3; Table 1 ). There was no expression in the small intestine but very strong apical expression in the colon and in the rectum. There was a clear gradient of CEA expression from the crypts to the tip of the villi. The mucous pocket of the goblet cells was lined with label after discharge but the mucous granules themselves were not labeled. Cells with apparently very short microvilli were found in the follicle-associated epithelium. These cells may represent M-cells, but this will have to be confirmed by electron microscopy. Intracellular labeling was observed in the rectum and colon and probably corresponds to the CEA compartment described in the human intestine.
H antigen had a totally different distribution from that of CEA embryonic antigen ( Figure 4 ; Table 1 ). Rectum and colon were always negative for the H antigen. Occasionally, weak apical reactivity was observed in cells of the cecum. By contrast, strong apical labeling was reproducibly detected in the jejunum. There was no intracellular labeling in that part of the small intestine. In the ileum, the apical labeling was weaker but labeled intracellular vacuoles were detected. The distribution of these vacuoles was different from what would be expected of the Golgi apparatus. We therefore suspect that they are endocytic compartments of some type and have not further attempted to characterize them. We have not attempted to identify the exact point at which the labeling pattern is modified.
Galactosylceramide Is Expressed Throughout the Macaque Digestive Tract but with Dzfferent Su bcellular Localization
Galactosylceramide was expressed in all segments of the macaque intestine ( Figures 5 and 6) . The galactosylceramide nature of the epitope recognized by the antibody was confirmed in all segments by periodate treatment and by chloroform-methanol extraction of the sections. The data are shown only for the rectum (Figure 5 ) . Both apical and intracellular labeling was observed in that segment ( Figure 6C ). The intracellular distribution of the labeling was similar in absorptive and goblet cells, with no labeling of the membrane of the mucous granules. The subcellular compartment staining for galactosylceramide appeared to be different from that accumulating intracellular CEA and from what would be expected for the Golgi apparatus. We have not yet attempted to further characrerize this compartment.
In the jejunum and ileum, intracellular labeling was observed in all cells, but apical labeling could be detected only in crypts (data not shown). Very strikingly, the membrane of the mucous granules was labeled in goblet cells ( Figure 6A) . In contrast in the colon and cecum, only intracellular labeling was observed in the crypts (Figure bB) , whereas apical labeling could be observed in the surface epithelium ( Figure 6B ). As in small intestine, and in contrast to rectum, strong labeling of the membrane of mucous granules was observed.
Discussion
We want to establish the rectal SIV infection of the macaque monkey as a model system to study rectal HIV infection. Thus far, very little work has been performed on the digestive epithelium of the macaque monkey. Our first concern was therefore to evaluate the similarities and differences between the human and macaque digestive epithelia.
Morphologically, either at the histological or at the ultrastructural level, there is no difference between macaque and human . .. stain (B,D.F,H,J.L,N) digestive epithelia. Glycocalyx was not prominent in the macaque rectum, allowing close association of commensal bacteria with the apical domain of a large number of cells. The drastic variations in the number of bacteria associated with the apical domain of individual cells could relate to cell-to-cell variations in surface glycoconjugates. Local perturbation of the bacterial layer occurred at the point of mucous discharge from goblet cells. We believe that this tight association of bacteria with the apical domain in the rectum is not a unique feature of the macaque. Instead, we believe that it relates to the rectal flora and might also be observed in human rectum under certain conditions. This is important because it means that there is no physical barrier preventing the interaction of pathogens with the apical domain of rectocytes and that viruses (such as HIV or SIV) may indeed interact with the epithelial cells.
RUTOR. COUEDEGCOURTEILLE, GUILLET. VENET
A more detailed analysis was carried out to establish the differentiation program of the macaque digestive epithelium. CEA is an important differentiation antigen in the human intestine. This is an apical antigen in normal human colon and rectum (Le Bivic et al., 1987; Bordes et al., 1973) . with an expression gradient from crypt to villi (Jothy et al.. 1993) . The distribution of CEA, as revealed by immunofluorescence, appears identical in the macaque colon and rectum. There is a small intracellular pool of CEA in the macaque, which has a distribution similar to that observed in polarized human colorectal cells (Nicolas et al., 1994) . We could observe in follicle-associated epithelium the apical labeling of cells with an apical membrane diffcrcnt from that of neighboring cells. These cells did not show the microvilli of other epithelial cells, but rather exhibited what appeared to bc small folds of [he apical plasma membrane. This strongly suggests that these cells are M-cells and that M-cells in the rectum express CEA. This would bc the first observation of an apical antigen in macaquc M-cells, and would favor the hypothesis of M-cells transdifferentiating from ncighboring epithelial cells (Smith and Pcacock. 1992) . but requires confirmation by electron microscopy. A morc detailed study of the follicleassociated epithelium in the macaquc monkey is currently undcr way.
It is known that the expression of carbohydrate antigens is variable men among closely rclatcd species (Varki. 1993) . and it can be considered that the degree of resemblance of carbohydrate ex-pression among spccics is an estimate of the degree of similarity bcnwcn the species. We chosc to study the distribution of the i antigen and of the H antigcn. Rhesus macaques arc all of the i phcnotypc in the li system (Socha, 1986) . As in humans, no expression of the i antigen was observed in the digestive tract of macaque monkcys (data nor shown). Rhesus macaqua ocprcss the A B 0 blood group antigens in their tissucs but not on their blood cells (Moor-Jankowski, 1993) . The vast majority of them are of the B phenotype (Socha, 1986) . but some are of the 0 or A phenotype (Socha. 1986 ). The H antigen forms the core of the blood group antigens of the A B 0 system and is present in all tissues expressing antigens of the A B 0 system. H antigen expression has been widely studied in various species. It has been especially studied as a potential tumor marker in humans (Cordon-Cardo et al., 1986) . Wc obscrvcd expression of the H antigen in the small intestine and lack of expression in the colon and rectum. The mucus was not reactive with the antibody. Because all rhesus macaques are of the secretor phenotype (Socha. 1986 ). this strongly suggests that blood group H-reactive mucin was lost during the experimental protocol used. The images obtained are otherwise very similar to those published in the human system (Cordon-Cardo et al.. 1986 ), suggesting not only that the expression of the H antigen is similar to that in humans but also that its subcellular distribution in the various segments of the intestine is very similar to that in humans. This underscores the analogy between the human and the macaque system.
Finally, we studied the distribution of galactosylceramide in the digestive epithelium. Galactosylceramide is expressed throughout the human intestine (Natomi et al., 1993; Holgersson et al., 1988) . Its subcellular localization has not yet been determined. The knowledge of its subcellular distribution is important. however, with respect to HIV transmission. Galactosylceramide has indeed been suggested to be an alternative receptor for HIV (Bhat et al., 1991) . Some authors find that in vitro infection of a human colorectal cell line by HIV-1 and HIV-2 is critically dependent on galactosylceramide (Yahi et al.. 1992) . Isolated gp120 is able to bind to galactosylceramide-containing liposomes (Long et al.. 1994) . The binding region of gp120 to galactosylceramide has been mapped in the LA1 isolate of HIV Bhat et al., 1993) . It corresponds to a constant region upstream of the V3 loop. One can postulate that the fusion events triggered after interaction of gpl20 with CD4 are different from those triggered after interaction with galactosylceramide. This could influence subsequent events, such as release of the capsid into the cytoplasm. In this context, it is interesting to note that the restriction of HIV-1 replication in intestinal cells has been mapped to the matrix region of the HIV-1 genome (de Mareuil et al., 1995) .
The region of gpl20 interacting with galactosylceramide is highly conserved between HIV-2 and SIV (Chakrabarti et al., 1987) . The role of galactosylceramide as a potential alternative receptor for SIV has thus far not been investigated. However, it was important to determine if galactosylceramide was expressed in the macaque digestive epithelium and if its expression was apical in the rectum, where it could serve as a potential receptor for the entry of SIV. We chose to determine the subcellular distribution of galactosylceramide by immunofluorescence labeling of frozen semithin sections because this technique has already been used to localize glycosphingolipids in epithelial cells (Hansson et al., 1986) . We observed galactosylceramide throughout the macaque digestive epithelium. Intracellular labeling was observed throughout the digestive tract. In the small intestine the labeling was apical in crypts but not in the rest of the villi. Quite remarkably, the goblet cells were positive on the membrane of the mucous granules. This reactivity of mucous granule membranes was also observed in the upper portion (but not the lower portion) of colon crypts but not in the rectum, indicat-ing that goblet cells are different from segment to segment in the digestive tract. In the colon, galactosylceramide was observed on the apical domain of absorptive cells, but in variable amounts according to the exact segment. In contrast, in the rectum galactosylceramide was not detected on the membranes of mucous granules but it was detected intracellularly and on the apical domain of epithelial cells. This means that galactosylceramide might be involved in SIV binding to and/or fusion with the rectocytes in the macaque. A similar distribution in the human system would indicate a potential in vivo involvement of galactosylceramide in rectal HIV transmission in humans. A study of the subcellular distribution of galactosylceramide in the human rectum remains to be performed.
In summary, we conclude that, on the basis of the criteria that we have available, the macaque digestive epithelium is very similar if not identical to the human digestive epithelium. This implies similar gene expression and differentiation programs in the two species. Therefose, we believe that the macaque may constitute a good animal model to study the rectal transmission of lentiviruses. We are beginning studies aimed at identifying the cells initially infected after rectal inoculation of Rhesus macaques with SIV.
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